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1. INTRODUCTION

The work described here was performed by Ford Motor Company ,
Research Staff in the period January 1975 to March 1976. The principal
investigator was H. Holloway and other contributors were M. D. Hurley,
E. B. Schermer and K. F. Yeung. The contract was monitored by R. E. Callender
of uv£¥\§~

The studies that are described were aimed at reduction of the
capacitance of IV-VI semiconductor photodiodes, with particular emphasis upon

/Areromeder

3-5 (uo) devices that are suitable for lightweight thermal imaging systems.
The starting point was the thin-film Pb barrier IV-VI photodiodes that were
discovered and developed by Ford Research Staff., The essentiul references
to this previous work and to new experimental dczﬁ}\( are given in Section 2
of the report. Section 3 goes on to a brief analysis of the influence of
capacitance on the bandwidth of IV-VI photodiode/preamplifier combinations
and describes an approach that has led to two novel photodiode concepts.
The new devices, which we have named the pinched-off photodiode and the
lateral-collection photodiode, are described in detail in Sections 4 and 5,
respectively. Section 6 summarizes the results and draws conclusions about

the preferred course for further vorﬁ.
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2. EXPERIMENTAL

The techniques for thin-film growth and for diode fabrication
generally followed those that are described in our previous reports.(l-a)
P-type layers of PbTe and pbs°0.8T°0.2 Were grown epitaxially at 1-2 um/hr
on cleaved Ban substrates at 300-425°C in vacuus. The binary components,
PbTe and PbSe, were evaporated at 700-725°C from graphite effusion cells,
with use of an isothermal double cell(s) for the alloy PbSeo.BTeo.z.

Secondary sources of Pb and of Se were used in an unsuccessful attempt to

17CI-3. The rationale for these

grow Pbs'O.BT'O.Z layers with p < 10
experiments is given in Section 4 and the experiments are described in
Appendix I1,

Photodiodes were made as ptcvioully(z’a) using vacuum~deposited
Pb films to forr barriers and sputtered Pt films for ohmic contacts.
The diode areas were delineated by opening windows in a vacuum~deposited
insulating film of Barz following the technique of Asch et 21.(4) This
method required some modifications for the lateral-collection devices
and these details are described in Section 5.

Measurement techniques followed our previous work with the
exception of capacitance, resistance, and responsivity mapping. The C-V
and R-V characteristics were obtained simyltaneously using the lockin
technique that is shown schematically in Pig. 1. Responsivity mapping was
performed with a flying-spot scanner* (Fig. 2). The resolution obtained
was 15 um, vhich is within a factor of two of the estimated diffraction

limit for our system.

We are much indebted to R. E. Callender and D. Kaplan of NVL, both for
their advice on the design of scanners and for providing us with numerous
acans from their aystem before ours was built. Figures 11, 74, and 78 of
this report were provided by NVL.
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3. JUMCTION CAPACITANCE

The relatively large static dielectric constants of the IV-VI
semiconductors tend to give inconveniently large p-n junction
capacitances. For illustration, we may consider the one-sided abrupt

junction, whose dynamic capacitance is given by

.

2 N,q¢ i

C = | A, (1)
v 2(V + vbi)
where A = junction area,

+
NA = acceptor concentration (for an n p junction),

q = electron charge,
€ = permittivity,
V = applied voltage (positive for backbias),

vbi. built-in voltage (% Eg/q for the cases of interest).
Taking typical values for a PbTe diode at zero bias,
N, = 10t ca”?,
€ = 400 €y
vbi- 0.22v,
we obtain
C/A %1 chn-z.
which is about a factor of five larger than for a similar InSb photo-
diode that is suitable for the same 3-5 um atmospheric window.
The influence of junction capacitance on the useful bandwidth
of a photodiode/preamplifier combination may be obtained from the equivalent
circuit shown in Fig. 3. The following simplifying assumptions are made:
(1) the preamplifier input cspacitance is negligible
(11)  the preamplifier current and voltsge noises are independent

of frequency and they have negligible effect at low

frequencies

Rstmd ,‘-m' g-m-—" w—-—‘
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(111) the detector has negligible 1/f noise (this i{s usually
true for IV-VI photodiodes provided that they are
appropriately biased).

This leads to a frequency-dependent detectivicy

(1)« ————— 2327 8
Ey WkT/p + 24 nQB+(2ﬂ)2f o VNA]
where
P = RA, the junction resistance-area product
¢ = C/A, the junction capacitance per unit area
n = quantum efficiency
E, = photon energy
T = operating temperature
QB = background photon flux
V, = preamplifier voltage noise in unit bandwidth
A = diode area
f = operating frequency.
At low frequencies this reduces to the usual D. expression

D* - nq ;
. E, 4kT/p + 2q nqn)”

and at high frequencies it gives %)

®
D.(f) - ——Jﬂ—_—.l;
EA'Z'f°VNA
*
The 3dB point for the rolloff of D (f) is then given by the frequency at which
*
D_(f) = D:. Some typical results are shown in Pig. 4. Here we consider

2 mil-square photodiodes with 5 ym and 12 pm cutoffs and with low-frequency
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detectivities of 1.3 x 10u and 2.0 x 1010 anzHH-l, respcctlvely.** We have
assumed junction capacitances of 1 chn-z, reflection-loss-limited quantum
efficiencies of 0.5, and a typical FET voltage noise of AnVHz-k.

The most striking feature of Fig. 4 is the increased severity of
the bandwidth limitation when the cutoff is changed from 12 ym to 5 ym. In
the example chosen, the 3dB point shifts from 2 MHz to 0.1 MHz. The
numerical results change somewhat with different input assumptions, but the
distinction between the two spectral regions remains. This indicates that
attempts to reduce the junction capacitance of IV-VI photodiodes are
especially important for 3-5 um imaging systems.

One approach to low capacitance is via reduction of the dopant
concentration. From Eq. (1) it can be seen that the capacitance is propor-
ional to the square root of the dopant concentration so that an order of
magnitude increase in bandwidth will require two orders of magnitude decrease
in dopant concentrltlon.* Essentially this method has been demonstrated for
10.6 ym (Pb,Sn)Te detectors by Andrews et 51.(6) who used liquid-phase
epitaxy to obtain graded junctions with average dopant concentrations of

14 Sen 2. At 1.5V backbias, diodes with area 1.7 x 10 “cm? (~ 5 mil

10 - 10
square) had capacitances as small as 7pF, corresponding to 0.04 chn-z.
Hovever, these low-capacitance devices had quantum efficiencies of only
5 - 10X, which is less than the reflection-loss limit by a factor of 5 - 10.

For thermal imaging applications it is also likely that the occurrence of excess

*
This assumes a one-sided abrupt junction. The form of Eq. (1) is changed
for other types of junction, but the argument about the required magnitude
for dopant concentration reduction is not much affected.

*#These detectivities have been chosen as typical of those reported for IV-VI
photodiodes at 80K and 180° FOV and the value for the 12 ym cutoff device
assumes a significant Johnson noise contribution. The 3dB points for other
values of D* may be obtained by extrapolating D2(f) to the new values of Dg.

——




(1/f) noise will limit the usable backbias to some value less than 1.5v,
80 that the appropriate capacitance of these devices may be closer to their
zero-bias value of about 0.16 chn-z.

In selecting approaches to low-capacitance 1V-VI photodiodes for

3-5 um thermal imaging applications we sought an alternative to the low-dopant
concentration method, which appears to have two disadvantages:

(1) The necessary substantial reduction in the dopant concen-
tration requires the development of growth techniques that
would be expected to be different for each IV-VI semicon-
ductor. Thus, results obtained with one material such
as PbTe, would re uire significant further materials effort
té permit their transfer to another semiconductor, such as
Pb(Se,Te) or (Pb,Sn)Se.

(11) As so far demonstrated with (Pb,Sn)Te, the attainment of small
capacitance has required an unacceptable sacrifice of quantum
efficiency and hence of detectivity (by a factor of 2-3 in
the background limit and of 5-10 for Johnson-noise-limited
devices). Thus, it would be necessary to greatly improve
upon the quantum efficiency that has been previously obtained
with such 10.6 um devices.

The alternative approaches to low capacitance that we have chosen

are based upon the concept that the capacitance of a photodiode may be

vreduced by reducing the p-n jun:tion area to some fraction of the detector

active area. In broad terms, this somewhat resembles the idea of concentrating



the fncident photons by use of an immersion lens.” The difference i that
here we are concerned with concentration of the photogenerated minority
carriers after the photons have been absorbed. This concept gives two
branches, both of which lead to radical departures from conventional
photodiode geometry.

The first branch leads to a device that we have named the pinched-
off photodiode. The idea is shown in Fig. Sa. A thin-film photodiode is
configured to have its depletion region extend from an n+ region right through
the semiconductor to an insulating substrate. Thus, the boundary between the
depletion and p regions is confined to the periphery of the detector and the
dynamic capacitance is reduced to that associated with the peripheral 2
junction area. Photogeneration occurs within the depletion, region and the
holes are collected at the periphery of the junction.

The second branch leads to another new device that we have named the

lateral-collection photodiode. This is illustrated in Fig. 5b. Here the n %
region of a conventional photodiode is replaced by a matrix of small n regions -
that give a smaller total junction capacitance. With appropriate choice of t
dimensions, photogenerated minority carriers diffuse laterally to the small i

oa———

p-n junction collectors with only a minor decrease in the overall quantum

o

efficiency.

The pinched-off and lateral-collection photodiodes are sufficiently
different that they are treated separately in Sections 4 and 5, respectively,
of this report. A comparison of the two approaches is given in Section 6 3

together wicth some recommendations for further development.

* In an elegant variation of the immersion lens technique, Andrevs 35‘51.(7) ,!
have obtained light concentration of an order of magnitude by using
total internal reflection from the sides of a tapered PbTe mesa that was
terminated by a PbTe/(Pb,Sn)Te heterojunction.
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depletion p

substrote

i Fig. 5

substrate

-b-

Schematic diagrams of low-capacitance photodiodes. (&) The
pinched-off photodiode. (b) The latersl-collection photodiode.
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4. THFE PINCHED-OFF PHOTODIODE

4,1 General Considerations

The concept of the pinched-off photodiode 1s illustrated In Fig. 5a,
which shows a thin-film n+-p photodiode that is configured to have a depletion
region that extends from the n+ region through the thickness of the semi-
conducting film to an insulating substrate. With change of bias the deple~
tion region is able to change its volume only around the periphery. Thus,
the change in the volume of the depletion region and, hence, in the stored
charge 18 greatly reduced from that for a conventional photodiode. Since

operationally we are concerned with a dynamic capacitance

- 99
Ceqve

it follows that the arrangement shown will yield a reduction of the junction
capacitance.

For further discussion we consider PbTe photodiodes at 80K and
use the one-gided abrupt junction approximation, which gives a depletion
layer width

Y
i 2¢(V + vli)

udepl. NAq i

For pinchoff we require that

udepl. zd,

where d is the film thickness. Under reasonable biases the depletion layer
width will be comparable to the optical absorption length so that the quantum

efficiency of the pinched-off photodiode will be modulated by interference.

L

“‘ M M m“
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Selecting the position of the longest-wavelength quantum efficiency maximum
*

to be 5.0 ym, we require that the layer should be approximately an odd

number of quarter waves thick for 5.0 um radiation. Figure 6 shows the

calculated reflection-loss-1imited (RLL) quantum efficiencies for such
'Y
devices with thicknesses from one quarter to seven quarter wvaves. The

corresponding voltages for pinchoff are given in Table 1. Here we have

17__=3

assumed a typical acceptor concentration of 10°'cm °. The calculations have

been made using both the 300K static dielectric constant with a value of
400 and also a value of 800 to give an idea of the possible influence of

the reported paraelectric behavior of PbTe.(a'g)

* For all practical purposes the PbTe/Pb interface behaves as a perfect
reflector. However, the phase shift of the reflected wave is not quite »
and this gives a slight displacement of the quantum efficiency maxima.

** Details of these calculations are given in Appendix I.

R
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Fig. 6  Calculated RLL quantum efficiencies for PbTe with p = 10" ca™> at 8OK. ?
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! Table 1. PINCHOFF VOLTAGES FOR PbTe THIN-FILM DIODES
) Calculated for NA = 1017¢:-.3 and d = z.—l-, (m odd) for 5 ym radiation.
i Positive voltages correspond to backbias.
] V pinchoff (V)
n d(ym)
€= 4500 ¢ €= 800 ¢
i ] o]
! 1 0.185 -0.14 -0.18
3 0.555 0.48 0.13
,.\,
; 5 0.933 1.75 0.76
7 1:.38 3.78 1.78
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Inspection of Table 1 shows that the quarter-wave structure
should be pinched off at zero bias and that thicker devices should require
backbias operation. Generally, zero bias operation is to be preferred
because other conditions usually give unacceptable 1/f noise.(2'3’10) However,
the lack of experience with very thin (< 0.2 ym) PbTe devices gave
uncertainties both about the perfection of quarter-wave layers and about the
quality of p-n junctions within them. This led to two approaches.
(1) Use of a quarter-wave structure. Provided that the diode
quality and stability were adequate, this would require
only about a 25X reduction in the peak RLL quantum efficiencies
from those of thicker devices (Fig. 6).
(11) Use of a three-quarter wave structure. Previous work(z)
had demonstrated the RLL quantum efficiency, stability, and
zero-bias performance of such devices in PbTe and PbSco.aTco.z.
Success in this approach would depend critically upon reduction
of the usual bias-dependent 1/f noise to avoid a sacrifice in
detectivity. Devices that are thicker than three-quarter wave
were rejected because they would accentuate the 1/f noise
problem without giving any obvicus advantages.

Having evaluated the RLL quantum efficiency there remains to be
considered the collection efficiency for carriers that are gencrated within
the depletion region of the structure in Fig. 5a. Here there is not yet an
adequate theoretical analysis. However, early experimental results indicated
that collection efficiencies near unitv are attainable. Figure 7a shows the
C-V characteristic of a typical three-quarter wave PbTe device at 80K. In
backbias there is a marked decrease of the capacitance as the diode pinches

off. Figure 7b shows a pair of I-V characteristics from the same specimen;

! — A B el el B D A e e
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Fig. 7 C-V and I-V characteristics of an 18 mil PbTe device at 80K (EW507-5i).
In (b) the lower curve shows the response to the 30CK background.
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one trace was obtained with the diovde cold shielded and the other was taken
with the diode exposed to the 300K background. The vertical displacement of
the lower curve gives the background current and it is evident that

this does not change significantly as the diode is backbiased to beyond
pinchoff. Thus, the collection efficiency is not decreased by the pinchoff.

4.2 Quarter-Wave Structures in PbTe

Our initial experiments with PbTe at 80K confirmed the predictions
that quarter-wave photodiodes were already pinched-off at zero bias and that
RLL quantum efficiencies were attainable. Some success was also obtained
with low-capacitance operation of PbTe at 170K, although with increase of
the temperature from 80K there was a tendency for the completely pinched~off
condition to move somewhat into backbias.

In the course of these studies we found that the quarter-wave
devices had poor thermal stability, with loss of current response after
moderate baking at 150°C. This effect was troublesome experimentally be- !
cause, as in our previous work(2’3), the PbTe devices required some baking
before they would exhibit RLL photocurrents and normsl I-V characteristics.
The degradation also appears to be practically significant, because stability
at temperatures in the range 100-150°C is desirable for reduction of the
outgassing in vacuum-packaged devices.

The remainder of this :;éiion is devoted to the experimental re-
sults with quarter-wave structures. In some cases the conclusions drawn

are tentative because the thermal instability of these devices prompted us 1

to move on to the three-quarter-wave structures (described in Sectiom 4.3)
7

rather than attempt a more detailed study of the quarter-wave structures.-
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4.2.1 Fabrication
Generally, five element arrays of 9 mil-square photodiodes
(Fig. 8) were made with techniques that followed those described in previous
rcportl.(l—a) The process steps were:
(1) Crowth of PbTe on Ea?z in vacuunm.
(11) Photoresist delineation and etching of the PbTe using 5%
by volume of Br2 in HBr.
(111) Photoresist delineation and deposition of Pt ohmic
contacts by rf sputtering followed by acetone stripping

of the resist to delineate the Pt.

(1v)  Vacuum deposition of an insulating layer of Ban with
i delineation as in Step (iii).
(v) Deposition of Pb through a close-spaced metal mask.

The resist used was Shipley AZ-1350J and Steps (iii) and (iv) were basically
those developed by Aeronutronic-Ford for Pb(Se,Te) artayl.(a) One significant
difference was that extra precautions were taken in washing the specimens
after photoresist development. This modification is particularly relevant
to the three-quarter-wave structures and its description and discussion are
deferred to Section 4.3.

The deposition of the Pb barrier layer was made using a close-
spaced metal mask, rather than with photolithographic delineation, in order
to reduce the number of process steps during which the PbTe surface might
become contaminated. For the present devices the large diode to diode
spacing (30 mil) permits such a simple approach. However, this technique

did lead to a relatively large pad area (2-4 x 10_3c-2). which with
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typical BaF, thicknesses (0.3 - 0.6 um) gave pad capacitunces of 20-80 pF.
These pad capacitances are small by comparison with the 500-1000 pF junction
capacitance of a conventional 9-mil square photodiode, but they become
dominant in the pinched-off mode.

As will be seen, full exploitation of the pinched-off photodiode
tequires reduction of the pad capacitance and this implies the use of
rhotolithographic techniques for Pb delineation. This extension was not
undertaken in the vresent study. However, for studies of the junction
capacitance some improvement in the ratio of pad to Jjunction capacitance
w8 obtained by using large diodes. This approach is described in Section
4.3.

4.2.2 Quantum Efficiencies and Thermal Degradation

Our initia) experiments were with PbTe layers whose thicknesses
(0.25 ¢+ 0.03 um) were somewhat larger than the optimum. Consequently, the
quantum efficiency near A = 5 ym was about half of the optimum that was
calculated for a4 quarter-wave structure. However, the spectral quantum
efficiency was in fair agreement with the calculated RLL (Fig. 14) implying
near unity collection efficiency for the 9 mil pinched-off photodiodes.
Reduction ot the PLTe layer thickness to about 0.15 ym gave the anticipated
{mprovement in the quantum efficiency near A = 5 um, again in agreement with
the calculated RLI (Fig. 16).

~t this stage we observed that the quarter-wave structures were
thermally unstable. As in our previous studies, the diodes as-made had
small photocurrents and tunnel-like I-V characteristics. The cause of

these anomalies has not been established, but we suspect that they arise

from contamination of the PbTe surface, possibly by a thin layer of oxide.
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We had previously found that moderate baking (typically 150°c for 10-20 ain)
led to normal 1-V characteristics and RLL photocurrents. This removal of
the anomalies could arise from gettering of a surface oxide by the Pb
barrier metal. 1In the case of the quarter-wave photodiodes the increase

of photocurrent with baking was followed by a rapid decrease of photocurrent
that made difficult the establishment of an optimum heat treatment. Some
typical examples of the changes in the response to the 300K background with
baking are shown in Fig. 9.

The observed thermal degradation of the photocurrent led to the
suspicion that we might be diffusing the n-region of the diode through to
'y the Ble substrate. This appears to be confirmed by spot scanning of an
array of quarter-wave devices which showed that after degradation the
l response was confined to the peripheries of the 9-mil square diodes

(Fig. 11). It is worth noting that the intertace regions of epitaxial
structures are frequently less perfect than most of the epitaxial layer
thickness. Thus, the very thin PbTe layers might give abnormally rapid
diffusion of Pb. The variability in the rate of degradation that is shown
in Fig. 9 could then be a consequence of variable perfection at the PbTe/Ble
interface.

4.2.3 Noise 3

Many of the quarter-wave devices showed significant 1/f noise at
zero bias and frequencies up to SkHz. Such excess noise 18 occasionally
found in conventional IV-VI thin-film Pb barrier devices and there it appears

to be associated with the quality of the Pt ohmic contact. The relatively

small number of quarter-wave devices that were studied does not permit us to

* The peak values of the background curreat vary widely from specimen to
specimen. However, this variation mostly arises from the very rapid
variation of RLL background current with specimen thickness. For the
quarter-wave devices, even the uncertainty of 10.03 ym in the measured

| thickness corresponds to a large change in the background curreant. The

| calculated dcgondesce of the 300K background current upon layer thickness
| is given in Fig. 10.
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decide whether or not 1/f noise is more of a problem with the quarter-wave

structures than with thicker devices.

4,2.4 g_p__as_i_:_aﬂc_e_

A typical C-V characteristic for a quarter-wave PbTe device at
80K is showm in Fig. 12. Pinchoff occurs, as expected, in forward bias and
the capacitance through zero bias into backbias is small and dominated by
tie Pb pad. Thus 9 mil-square pinched-off photodiodes typically exhibited
pad capacitances of 20-80 pF, rather than the 500-1000 pF expected for
conventional devices. At higher temperatures pinchoff occurs over a
vider temperature range, with the result that at 200K backbias is needed
for reduction of the capacitance to the pad value. This behavior is shown
in Fig. 13. Hovever, at 170K the zero bias capacitances were still signifi-
cantly less than those of conventional devices, with typical values in the
range 100~-200 pF.

4.2.5 Detectivity

The detectivities of the quartcr-wave structures vere generally
smaller than had been achieved with conventional devices, partly because
of 1/f noise (for f < SkHz) and partly because of the thermal degradation
that is discussed in Section 4.2.2. The largest detectivities that were

1

obtained were 8 x 10 0 cllzkw'l at 5.0 ym and 80K and 1.2 x 1010 anzli

at 4.1 ym and 170K. This should be compared with values of 1.5 x 10! and

6 x 1010 c-uzku'l. respectively, for good conventional thin-film PbTe

)

devices.

From the observation of some specimens with RLI, quantum efficiencies

and others with little 1/f noise at zero bias, it seems likely that further
work would yield quarter-wave devices with detectivities that are closer to
thuse of good conventional devices. This approach wvas not pursued because

of the thermal instability that is discussed in Sectiom 4.2.2.

[ T
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4.2.6 Measurements of Quarter-Wave Devices

The specimens that are described here illustrate the features that

have been discussed in the preceding Sectioms.

X
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Table 2 - EW485-3

This array was made from PbTe with thickness 0.25 ¢ 0.03 ym. This
Bave a spectral response with nonoptimum shape, but, as showm in Fig. 14, the
quantum efficiency was close to the RLL. Two out of the five diodes gave
noise that agreed well with that calculated from the background current.
Measurements were made at 80K and 990 Hz with 10 Hz bandwidth at zero bias.

The diode areas were 5.24 x 10-4CI2. Figure 15 shows the spectral detectivity.

Diode a b ¢ d e
Zero-bias Capacitance [pF) 37 37 35 32 24
300K Background Current [uA] | 0.51 0. 54 0.54 0.53 0.54
Calc. Background Noise [pA] 1.3 1.3 1.3 1.8 1.3
31(500&) T 0.25 0.275 0.25 0.25 0.24
n(4.7 ym) 0.35 0.38 0.35 0.35 6.33
Noise ([pA] 1.2 1.25 6.2 1.7 14%
DA (500K) ([cmHz ™ ] 1.5 x 101 1.5 x101° 2.9 x 10”7 1.1 x 10'® 1.2 x 10°
D*(5.0 1m) fcmHz W 1) 8.2 x 100 8.2 x 10" 1.6x 1010 5.8 x 10! 6.3 x 10°

* This specimen initially showed a much smaller noise of 1.8 PA.
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Fig. 14 EW485-3a. Spectral quantum efficiency at 80K.
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Table 3 - EW494B-7

This array was made from PbT= with thickness 0.16 *+ 0.03 um to
give a more usefully shaped spectral vesponse than the preceding example.
The spectral quantum efficiency is near the RLL and is shcwn in Fig. 16.
The diode areas were 6.00 x 10-‘cu2 and measurements were made at 80K
with 10 Hz bandwidth. Detailed measurements were made with four diodes,
the fii1th exhibited a smaller current response. This specimen showed sig-
nificant 1/f noise for f < 5 kHz. At 170K the pinchoff moved into backbias
with consequent {ncrease of the zero bias capacitance from 37 pF and 24 pF
to 620 pF and 660 pF for diodes a and ¢, respectively. Tiie frequency

deperdences of the current noise and the detectivity are shown in Figs. 17,18.

Diode a b c d
.-
Zero bias Capacitance [pF] 37 42 24 29
Background Current [uA) 1.03 1.01 1.01 0.76
Calc. Background Noise [pA] 1.82 1.80 1.80 1.56
R, (so) wul)
at 90 Hz 0. 44 0. 44 0.46
330 Wz 0.45 0.45 0.44 0.35
990 Hz 0.45 0.46 0.47
DA (4.6 um) femtiz "))
at 90 Hz 1.6 x 100 1.9 x 10'® 1.6 x 10'°
330 Mz 3.5 x10°% 3.5 x10"° 3.0 x 10!°
990 Hz 6.3x10%  6.5x106"° 4.7 x 101°
5000 Hz 1.1 x 10" 1.0x10M 8.6 x 1010
! - o .

a

M Ty T Y

el
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Table 4 - FW493B-9

This specimen exhibited the thermal degradation of current respoi de

There was also significant 1/f noise at

« The layer thickness was 9.15 ¢ 0.03 pyma giving a spectral response like
t of the preceding example.
quantun efffciency gave small detectivities.
(180 um x 244 um) and the measurements were made at zero bias wvith 10 Hz band-

th.

Diode

- = e

- —

However, the combination of 1/f noise with smz
The diode areas were 4.39 x 10”

The spectral detectivity is shown in Fig. 19.

11
cm?

Zero bias Resistance [ohm)

ROA fohm cm

2

Zero bias Capacitance [pF)

Background Current ({pA)
Calc. Background Nojise [pA)

n(4.1 ym)

Noise [pA]

R (sook) !

D% (4.1 un)[cmﬂzkw-ll

T = 176K, £ = 990 Mz

Zero bias Resistance f{ohm)
ROA fohm c-Z]
Zero bias Capacitance ([pF)

Background Current ({uA)
Calc. Total Noise

n(3.9 um)

PA)

Noise

R (sook) v

lpA]

D*(4.1 ym) (cnﬂzkw-l]

b c d e
508w 120" daswW L3sa ety
1.3x10° s x10® 48x100 1o0x10" a8 x10°
35 4t 46 46 43
0.083 0.092 0.087 0.116 0.157
| 0.53 0.54 0.53 0.61 0.71
0.070 0.083 0.076 0.114 0.150
0.140 0.166 0.152 0.227 0.299
0.85 0.82 0.76 0.81 0.87
3.6 x 100 4.4 x10"0 4.4x10° 6.2x10° 7.5x 1010
6100 6060 6060 4880 5260
2.7 2.7 2.7 2.1 2.3
67 91 91 73 86
0.035 0.038 0.041 0.068 0.079
3.9 4.0 4.0 4.4 4.3
0.060 0.060 0.064 0.105 0.112
0.208 0.209 0.223 0.363 0.388
5.9 5.8 6.2 6.5 6.7
7.5x10° 7.6x10° 7.6x10° 1.2x10° 1.2 x 10'°
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Table 5 - EWS500-2

had close to RLL quantum efficiency.
The diode areas were 5.90 x 10~%“cm? and the bandwidth was

Fig. 20 shaws the spectral detectivity, Figs. 21,22
aumd Irequency dependence of the noise, and Fig. 23 shows the bias dependence

There was some 1/f noise

Diode a b c d e
Zero bias Resistance f(chm] | 7.46 x 10°  7.52 x 10° 7.06 x 10° 6.90 x 10
RA fohm cn’] e x10  aax10  w2x10® 4.1 x 10°
Zero bias Capacitance [pF] ]| 96 96 96 96
Background Current [uA} 0.357 0.357 0.393 0.393 0.200
Calc. Background Noise [pA] ! 1,07 1.07 1.12 1.12 0.80
*
R (soo) 0.295 0.290 2.316 0.312
1(4.8 um) 0.48 0.48 0.52 0.51
D*(4.9 um) at Zero bias (cnuz"w-l X 1010_]
£« 20 H2 2.6 2.7 2.3 2.5
3Ju Hz 2.9 3.1 3.0 2.8
45 Mz 3.5 3.4 3.5 3.3
9" Haz 4.5 5.0 4.4 4.2
330 Wz 7.7 7.0 7.7 7.7
990 iz 10 10 10 10
2000 Mz 11 1 11 11
5000 Hz | 13 13 14 13
D*(4.9 ym) at 990 W .[cul!j:’li-l X l()m]
backbias = 0 v | 10.0 9.4 9.7 9.1
0.1V | 9.4 9.4 9.1 9.4
0.2V 9.1 9.7 4.5 4.9
0.3 v 8.6 9.1
0.4 \ 7.3 6.9

*This was independent of backbias in the range 0-300 av
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4.3 Threc-Oaarter-Wave Structures in PbTe

4.3.1 Fabrication

In general, fabrication methods followed those previously
reportvd(‘-“) and outlined in Section 4.2.1. However, significant modifica-
tions were made to the techniques for cleaning the semiconductor surface
after photolithographic delineation. These changes were made in response to
the thought that the surfaces might be contaminated by alkali ions from the
developer used for the Shipley AZ-1350J resist. Consequently, we undertook
thorough washing of the specimens after each resist development. The wash-
ing consisted of a 5-10 second rinse with running deionized water followed
by about five minutes of washing under the condensate from a double still made
from vitreous silica. The input to the double still was water that had
previously been deionized and then distilled in a tin-lined still,

While the results of the modified process do not provide confirmation
of the guess that led to the washing procedure, they did lead to striking
improvements in the thermal stability of the diodes and in their noise
characteristics under reverse bias. These results are discussed in Sections

4.3.2, 4.3.3, and 4.4,

4.3.2 Thermal Stability

Previously, attempts to outgas vacuum-bottled thin-film PbSeo ST.O 2

photo: lode arrays have led to thermal degradation of the zero bias resistances,
with consequent loss of detectivity.(é) In contrast, PbTe diodes that were
made using the improved washing technique showed excellent stability at
temperatures vp to 150°C. Figure 24 shows the R-V characteristic of a 9 mil

PbTe photodiode at different stages of baking up to eight hours at 100°C.
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It will be noted that the forward characteristic remains constant within our
experimental uncertainty. With baking the resistance in backbias tends to
increase, suggesting that surface leakage is being reduced. The demonstrated
thermal stability of these devices appears to be adequate for hard vacuum
packaging without loss of performance. Subsequent measurements showed

stability of the three-quarter-wave structures with baking up to five hours

at 150%.

4.3.3. Reversed-Bias Noise

Most IV-VI photodiodes seem to exhibit 1/f noise when they are
operated at nonzero biases. This effect has been observed with both bulk-

cryﬁtal(z’g’lo)

and thin-film devices. Extensive measuraments of thin-film
{PbSn)Se photodiodes(g) showed that the excess noise was proportional

to the bias and independent of its sign. For thin-film 8-12 um devices there
is a significant IR drop from the 300K background current flowing through the
series resistance. In such cases it was observed that the optimum bias was
shifted back from zero by an amount that approximated the IR drop. Thus,
minimum noise was obtained when there was zero bias across the depletion
repion rather than across the external connections. This strongly suggests
that the excess noise arises from surface leakage across the depletion region.
The zero-bfas resistance of IV-VI photodiodes is frequently dominated by a
temperature-independent leakage at low enough temperatures and the connection
betwecn the ie phenomena appears to be confirmed by the reportcd(ll) fabrication
of (Ph,5n)Te/PbTe Leterojunctions that exhibit marked reduction of both the

leakage and the backbias noise.*

* The process used to effect this improvement was not disclecsed.
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PbTe photodiodes that were cleaned after photoresist developument
stiowed marked reductions in the 1/f noise that accompanies backbias operation.
2t 80K, the reduction was usually sufficient to permit pinched-off operation
of three-quarter-wave photodiodes without loss of detectivity at frequencies
as low as 1 kHz. The amount of 1/f noise remained somewhat variable, even
with diodes within a single array and an example of this variability is shown
in Fig. 25, Pigure 26 shows the extreme case cf a PbTe device whose 1/f noise
at 80K and 990 Hz remained smaller than the 300K background noise at backbias
up to 0.5V,

With increase of the operating temperature, the range of usable
backbias decreased and at 170K and 1 kHz the excess noise became significant
at backbiases of 50 mV or lesec. Figure 27 shows an example of this behavior.
4.3.4 Capacitance

As predicted the three-quarter-wave PbTe photodiodes gave pinchoff
in backbias at 80K. A typical C-V characteristic of such a device is shown in
Fig. 28. Pinchoff was associated with a rapic decrease of capucitance with
increased backbias and the transition to the low-capacitance regime occuired
over a bias range of about 0.1 V. The transition region may arise from the IR
drop associated with the 300K background current that flows through the thin
p-layer under the depletion region at backbiases slightly less thar. that
required for pinchoff. Under these conditions the periphery of the diode will
have alarger backbias than the center and pinchoff will oécur first around
the edges of the diode. Further backbias would then increase the fraction
of the diode that is pinched off. Qualitatively, this resembles the behavior

of a JFET, but we do not have a quantitative model for this transitional
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background noise.
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behavier in the pinched-off photodiode. Moreover, detailed comparison

with the predicted pinchoff voltage is not yet possible because of the
uncertainties in the influence of atmospheric oxygen upon the measured
acceptor concentration and in the static dielectric constant of PbTe at low
temperatures,

With baking at 150°C  the C-V characteristics of the three-quarter-
wiave devices did change somevhat, with the pinched-off condition moving to
smaller backbiases. The phenomenon does not appear to be due to the junction
diffusion that was postulated for the quarter-wave diodes, because we have
observed an eventual stabilization of the C-V characteristic. An example of
these effects 1s shown in Pig. 29. A possible explanation is that the Pb
barrier getters out atmospheric oxygen that has dissolved in the PbTe after
growth.* The observed shifts in the pinchoff would imply a reduction in the
acceptor concentration by about a factor of four. Changes of this magnitude
are consistent with our observation that growth of 1 um-thick p-type PbTe
layers gives about a factor of three decrease in the Hall coefficient over
that obtained for 3-4 um-thick layers that are grown under the same conditions.

Figure 28 also shows a common feature that is not yet understood. As
the bias is made positive the capacitance exhibits a decrease that is not
predicted by our simple models. This "forward-bias anomaly" was also observed
by Nill et ql(lz) in their work on bulk-crystal Pb barrier IV-VI lasers. With
increase of the temperature to 170K we have frequently observed that the anomaly

shifts into forward bias. An example of this effect is alsc shown in Fig. 30.

* Oxygen-induced changes in the carrier concentrations of IV=-Vl thin films
been widely observed(13), The changes are consistent with an increase in the
acceptor concentration.
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As discussed in Section 4.2.4, the capacitance of the pinched-off
9 mil-square PbTe devices was dom{nated by the pad capacitance of 20-80 pF.
Further reduction of the capacitance would require development of structures
vith smaller pad areas. Such a development would appesr to be essential for
exploitation of pinchoff with PbTe devices with smaller dimensions that are
more suited to modern systems applications. Such a development was not made
in the present study. However, in order to reduce the influence of the pad
capacitance, diodes were made with the dimensions shown in Fig. 31. The
bias-dependent capacitance of such a 28 mil-square three-quarter-wave diode
is shown in Fig. 32. 1In backbias the capacitance was reduced by approximately
two orders of magnitude to 35 pF, of which 19 pF was estimated to be contributed
by the pad.

4.3.5 Quantum Efficiency

The quantum efficiencies of the three-quarter-wave PbTe devices
were close to the RLL at all biases and no decrease of the 500K current
responsivity was observed when the deovices were backbiased vast pinchoff.
These RLL quantum efficiencies were observed with photodiodes as large as
28 mil-square. Examples of this behavior are given in Section 4.3.8.

4.3.6 Detectivity

The detectivities of three-quarter-wave PbTe devices at 80K were
typical of those obtained previoully(z) with conventional thin-film devices
At 180° field of view we obtained D* (v 5 ym) % 1.5 x 10" caMz ™! ove- the
range of biases for which the 1/f noise was negligible. For most such
devices the backbias limit for 1 kHz operation was at least 0.1 V and sometimes
as large as 0.5 V so that the zero-bias detectivity was maintained into the

pinched-off region. Examples of this behavior are given in Section 4.3.8.
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= 4.3.7 Measurements of Three-Quarter-Wave PbTe Photodiodes

The results that are described here illustrate the points that E
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are made in Sections 4.3.3 - 6, !
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Table 6 - EW473-5e
! This specimen was measured at BOK after baking at 100°C for eight
hours. The chip had three diodes with area = 6.00 x 10~%cm? and similar
l pinchoff behavior (Fig. 33). Only one of the devices had low noise in back-
! bias (Fig. 34) and for this detailed measurements were made (Figs. 35,36).
At 170K all three diodes gave excess noise in backbias (Fig. 37).
‘ layer thickness - 0.62 ¢ 0.03 ym
frequency - 990 Hz
bandwidth = 10 Hz
1 zero bias resistance » 2.8 x 106 ohm
) background current = 1.06 uA
calculated noise = 1.8 pA
q Backbias Noise D*(5.4 um) Capacitance
wv) (pA] [emhz'-1 x 1011) bF]
l 0 1.75 1.7 692
"h
j 25 1.75 1.7
l 50 1.75 1.7 321
75 1.7 1.7
l 100 1:7 1.7 83
125 1.65 1.8
150 1.75 1.7 73
175 L 7 1.7
200 1.8 1.6 73
225 1.75 ) 94
256 1.7 1.7 72
275 1.8 1.6
300 2,9 1.2 72
’ 325 3.9 0.74
350 7.5 0.39 72
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Table 7 - EW496B-7

This specimen was measured after baking for 4 hr. 50 min. at 150°C. The changes in the
C-V character{stic with baking are discussed in Section 4.3.4. The chip had four diodes
with A » 5.37 x 10-%cm? and d = 0.56 ¢ 0.03 ue, At 80K, capacitances of approximately

80 pF were achleved with backbiases > 150 mV (Fig. 38). Two of the four diodes attained
the low capacitance condition without significant excess noise (Fig. 39). With increase
of the temperature the backbias required for pinchoff increased (Fig. 40). At 160K there
was considerable 1/f noise when the diodes were backbiased (Pig. 41). The spectral D%
and the bias-dependent properties at 80K are shown in Figs. 42,43

Measurements at 80K, f = 990 Mz, Af = 10 Hz.

Diode b c d e
Zero-bias resistance fohm] 5.8 x 106 1.1 x 107
Background current (uA) 1.054 1.022 0.991 0.971
Calc. background noise {pA] 1.84 1.81 1.78 1.76
Current responsivity (AW 1)
backbias = 0 mv 0.62 0.62 0.60 0.62
100 mV 0.62 0.58
200 av 0.62 0.69
300 mv 0.61 0.58
400 av 0.61 0.59
D* (5.0 um) [cmitz L x 101
backbias = 0 av 1.8 1.8 1.7 1.3
25 mv 1.8 1.7 1.8 0.61
50 mv 1.8 1.8 1.8 0.37
75 mv 1.4 1.8 1.7
100 mv 1.1 1.7 1.9
125 mVv 0.63 1.8 1.9
150 av 1.6 1.9
175 mv 1.7 1.8
200 mv 1.5 1.8
225 av 1.8 1.9
250 mv 1.1 1.7
275 mv 0.62 1.6
300 av 0.41 1.1
325 mv 0.24 0.67
350 mv 0.38
Capacitance [pF]
backbias = 0 mVv 595 397
50 mVv 302 151
100 mv 119 90
150 mV 90 83
200 mv 86 80
250 mv 84 79
300 mv 84 79
350 av 83 79
400 mv 83 79
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Table 8 - EW496A-3

This specimen had five diodes with A = 5.95 x 10'“ca‘ and d = 0.54 ¢ 0.03 um.
At 80K and zero bias, all the diodes had similar parameters. In backbias,

the C-V characteristics differed slightly (Fig. 44) as did the excess noise

(Fig. 45). Only one of the di>des (e) pinched off wichout degradation of the
D*. The properties of this diode are given in Table 9 and Figs. 46,47.

f = 990 Hz, Af = 10 Hz, zero bias

HMode a b c d e

Zero bias resistance fohm] [5.26 x 10’ 5.56 x 107 5.88 x 107 4.35 x 10’ 4.17 x 10’
Background curreat ([uA) 1.083 1.098 1.117 1,063 1.059

Calc. Background noise [pA] | 1.86 1.87 1.89 1.84 1.84

Noise ([pA) 1.7 1.7 1.8 - 1.8 1.8

R (s00k) Wil 0.57 0.57 0.58 0.56 0.56

5 -
D* (4.8 wm) etz W+ x 10M1) ] 1.8 1.8 1.7 1.6 1.6
|
".
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Table 9 - EW496A-3e

This specimen was one diode from the array described in Table 8.
show the bias-dependent properties and the spectral D*,

T = 80K, f = 990 Hz, Af = 10 Hz
Background current = 1.059 pA, calc. background noise = 1.84 pA

Figures 46,47

Backbias Noise f!:;(SOOK) D* (4.8 um) Capacitance

(mV] (PA) wi 4 (emtiz W) 10ty [pF)

0 1.8 0.54 1.6 1220

50 1.75 1.7 1110
100 1.75 0.55 1.7 859
150 1.7 1.7 461
200 1.6 0.58 1.9 134
250 1.75 1.7 64
275 2.45 1.2 56
300 4.5 0.56 0.66 51
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Fig. 47 EW496A-3e. Spectral D* at 80K and 990 Hz.
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Table 10 - EW508-4c

This was an approximately 28 mil-square device (A = 4,97 x 10-3cn2) made from
PbTe with d = 0.47 2 0.03 ym. The pad capacitance was estimated to be 19 pF.
Measurements were made at 80K with 10 Hz bandwidth. The bias-dependent properties
and the spectral D* are shown in Figs. 48,49.

zero bias resistance = 6.5 x 105 ohm
background current = 9,52 pyA
calc. background noise = 5,52 PA
Backbias Noise [pA]) \'Rl(soox) D*(4.9 um) Capacitance
- 990 Hz“ 5 kiz [AH-I] (clH:‘tiwg?ox“;Ou] -
0 5.0 6.1 0.60 1.9 2810
25 5.0 6.1 1.9 2790
50 4.7 5.5 2.1 2500
75 5.0 5.0 1.9 2110
100 4.9 5.4 0.60 2.0 1720
125 5.4 4.8 1.8 1260
150 4.6 5.1 2.1 864
175 5.0 5.0 1.9 554
200 4.8 5.7 0.60 2.0 345
225 5.0 5.1 1.9 211
250 4.9 5.1 2.0 139
275 5.0 5.2 1.9 92
300 5.0 5.3 0.60 1.9 69
325 5.0 5.1 1.9 57
350 5.0 5.1 1.9 54
375 5.1 5.2 1.9 44
400 5.1 5.1 0.60 1.9 41
425 5.1 5.0 1.9 39
450 5.0 5.0 1.9 37
475 5.6 5.4 1.7 36
500 5.5 5.5 0.60 1.8 35
525 5.9 5.1 1.6 35
550 6.6 5.0 1.5 34
575 1.7 6.0 0.60 1.3 34
600 33
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4. Pinched-off PbSe STQ‘: 2 Devices

- - v g B

An attempt was maje to ‘xtend the pinched-off mode from PbTe to
PbSt:-o.s'I‘cﬂ.2 to permit full use of the 3-5 ym atmoapheric window with photo~-
diodes that operate at 170K. Such band-tailoring has previously been shown
te be effeciive with conventional thin-film devices.(z)

Pinchoff was observed with !"!:;Seo.s'l‘eo.2 devices at 80K, but the
capicitance decreats occurred at backbiases that were large enough to give
significant 1/f noise. This difference from the behavior of PbTe devices
appears to arise from a combination of an increcase in the acceptor concen-
tration and a decrease in the dielectric constant when PbSco.aTco.z is
substituted for PbTe. The PbSuo_8 T‘O.Z that was used had acceptor con-
centrations of about 2 x 1017cn-3. which was u factor of 2-3 larger than ihat
of the PbTe laycrs.* The 300K values of the static dielectric constants of
PbTe and PbSe are 430 and 230, respcctivcly.(lk) The static dielectric
constant of pbs.O.BT‘0.2 is unknown, but a linear interpolation between the
300K values of PbTe and PbSe suggests a value of around 270. There is the
further complication that PbTe appears to be paraelcctric(8'9) and 1its
low-field static dielectric constant may be as large as 800 at BOK?* Applying
the one-sided abrupt junction model to the Just pinched-off diode, with thick-

ness d and pinchoff voltage VP' we obtain

* Here we compare the results of Hall measurements on layers that were
3-4 um thick. Exposure to oxygen appears to give extra acceptors that
cause about a factor of two decrease in the Hall coefficient of layers
wvith thicknesses around 1 u.

** Using thr one-sided abrupt junction approximation, we estimate thgt most
of the depletion region in our junctio?s has a field less than 10°vm~1l,
From the observations of Bate et all 8) ¢his suggests that the critical
polarization {s only exceeded near the n-region so that the depletion-
layer width is dominated by the low-field (temperature-dependent) static
dielectric constant.
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NAqd2
vp ¥ vbi s
vhere vbi is approximately 0.22V and 0.25V for ¥bTe and PbSeo ST'O 2
respectively. We find that the changes in NA and ¢ on going from PbTe
to PbSeo.aTeo.2 may increase (Vp + vbi) for a given d by a factor between
three and nine. Figure 50 shows the corresponding changes in Vp that could
arise on going from PbTe to PbSeo 8Te0 , 88 a result of such changes in N

A
and €.

An example of the pinchoff in a 9 nil-square PbSe diode

0.87%.2
is shown in Fig. 51. Here the devices with thickness 0.18 ¢ 0.03 um are
pinched off at 80K with backbiases greater than about 0.6V. The required
backbias is striking when compared with the forward bias pinchofr of similar
quarter-wave PbTe diodes. With increase in the temperature, pinchoff moves
further into backbias (Fig. 52) as with PbTe devices.

The improved processing that was described in Section 4.3.1 gave
significant improvements in both the thermal stability and the backbias
aolse of Pbs°0.8T°0.2 devices. Thus, the ROA product at 80K was maintained
after baking at 150°c for periods of up to four hours (Fig. 53). Also at 80K,
low-noise operation has been demonstirated with buckbiases of up to 0.4 V
(Fig. 54). However, as with the PbTe devices, the backbias noise remains
significant at 170K (Fig. 55).

In the course of our investigation we did not obtain a Pbs’o.aT‘o.z
pinched-off photodiode that permitted low-noise operation at 80K. The closest

approach was a quarter-wave specimen that showed pinchoff beyond the backbias

®
at which the 1/f noise became significant. The properties of this device

* 1t is of interest that this specimen did not show significant degradation
of the current response after baking at 150°C for four hours. Thus, the
thermal instability that was observed with quarter-vave PbTe devices may
not be ac severe with PbSco.aTco'z.
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are given in Table 11 and Figs. 56,57. In principle, low-noise pinched-off
operation at 80K should be obtainable with a reduction in the acceptor
concentration in the PbSEO.BT¢0.2' A usetul reduction in the capacitance
has been obtained at 0.5V backbias and low-noise operation has been obtained
at 0.4V hackbias, although not in the same specimen. This led to a series

of experiments in which subsidiary sources of Pb and Se were used in an

attempt to define conditions for piowth of PbSe s7% 3 e
4 /

rather than our usual p & 2 : 10 "¢ 7, Tids approach was unsuc.essful;

with p < 10

details are given ii Append.: '
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Table 11 - Properties of a Quarter-Wave PbScO STQO 2 Device (HK207-2d) ¢
This specimen had area = 5.76 x 10"c-2 and thickness = 0.18 ¢ 0.03 um.
The measurements were made at 80K after baking for four hours at 150°C. !
zero bias resistance = 4,17 x 10s ohm
background current = 1.71 uA ‘
calc. background noise = 1.96 pA
bandwidth = 7 Hz -
Backbias Noise [pA] AgﬁbI(SOOK) D*(4.9 uai at 990 Hz Capacitance '
(mV) 990 Hz  5kHz 10 kHz Wil [emitz'sw1 x 1010) [pF) ]
0 2.2% 2,25 2.57 7.9 1220
50 2.3 2.2 2.8 7.7 1150 ]
"".
' 100 2..85 2.3 2.5 7.3 1100 ]
150 2.9 2.3 2.6 6.1 1030
200 4.6 2.7 2.6 0.56 3.8 980 )
250 7.2 4.1 3.2 2.5 860
300 8.1 4,4 3.9 2.2 660 1
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